lymphatic systems also organized in a perpendicular plane to the skin surface.
Histological examination of human skin is the gold standard approach to analyse the morphology of this tissue. Nevertheless, this method only allows 2D observation of thin tissue sections with a microscope, making 3D structure extrapolation very difficult. The technique of high-resolution episcopic microscopy (HREM) enables the combination of histology and digital volume to study the 3D structure. 1 Alternatively, several technologies are used to perform high-resolution imaging of whole tissue, such as confocal and twophoton microscopies. 2 The main advantage of these techniques is to enable skin imaging in its native state without previous fixation, sectioning or staining steps. 3, 4 Two-photon microscopy has emerged as a useful non-invasive technique for skin imaging, as it generates 3D data of the epidermis and superficial dermis structure with subcellular resolution when images are acquired from the skin surface. 5, 6 One major feature is second-harmonic generation, which enables the non-invasive imaging of skin by allowing the visualization of endogenous sources of contrast, such as collagen in the dermis. 7, 8 Both confocal and two-photon microscopies share similar limitations in penetration depth (about 500 μm) owing to light scattering.
Furthermore, these imaging approaches are known to cause photobleaching, thereby limiting their use in the analysis of large 3D objects. Light-sheet fluorescence microscopy (LSFM), by contrast, is an attractive option. This approach has been shown to be a powerful technique to study functional neural connections in mice and has been adapted to the study of other small animals. 9, 10 The principle of LSFM is to illuminate a single planar portion of the sample with a sheet-shaped beam of light. Detection of the emitted signal is performed perpendicularly to the illumination plane. This imaging configuration limits photobleaching by minimizing the energy load of the excitation light to one plane of the sample and enables fast imaging by simultaneous sampling of an entire plane that can be visualized with cameras. Volumetric data can be acquired by performing acquisition at different depths (z-scanning) and a 3D reconstruction is possible.
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However, light-sheet penetration is also limited by scattering within biological specimens. Chemical processing techniques have been developed to render tissues transparent and enable deep imaging by LSFM. 12 Optical clearing with benzyl alcohol and benzyl benzoate (BABB) was first used to study whole organs. 13 It relies on the homogenization of all refractive indices of a tissue by replacing components of low-refractive index, such as water, by an oil-like medium that has a refractive index closer to that of proteins and lipids.
Thus, light scattering is strongly reduced thereby leading to a strong improvement of in-depth light penetration. Different protocols, such as CLARITY, Scale, SeeDB, ClearT, CUBIC, di-benzyl ether (DBE) and BABB (also called Murray's clearing), have been developed to clear tissues or whole small organisms. 14, 15 Here, BABB-based optical clearing was successfully used to make formalin-fixed human skin biopsies transparent. LSFM was then used to perform 3D imaging of entire (8 mm diameter; 5 mm depth) cleared human skin biopsies. Through our work, it was shown that auto-fluorescence obtained at several excitation wavelengths may be useful to identify skin layers, including stratum corneum, papillary and reticular dermis, and skin appendages including hair follicles and sweat glands, or blood vessels. With an adapted software, 3D images of these in situ skin components were generated.
LSFM of cleared-human skin is therefore a promising approach for imaging the different components or pathological features of human skin in 3D.
| MATERIALS AND METHODS

| Human skin tissue
Normal human skin samples were collected by Genoskin from donors who underwent abdominoplasty procedures and had given On the day following surgery and skin sample collection, hypodermis excision was performed and 8 mm diameter round biopsies were punched. Human skin biopsies were then immediately fixed in 10%
neutral-buffered formalin (Sigma, St Louis, MO, USA) for 24 hours at room temperature (RT).
| Skin optical clearing
Formalin-fixed skin biopsies were progressively dehydrated with successive immersions in ethanol or tetrahydrofuran (THF) solutions of increasing concentration. For clearing, the samples were then transferred into BABB solution (one part benzyl alcohol and two parts benzyl benzoate; Sigma), and incubated for 2 days.
For clearing with DBE, samples were then incubated in 100% dichloromethane (Sigma) for 30 minutes or until they sank. Finally, samples were transferred to a DBE solution (Sigma) and incubated for 2 days.
| Reversion of skin optical clearing for histological analysis
Benzyl alcohol and benzyl benzoate-cleared skin biopsies were progressively rehydrated with successive immersions in ethanol solutions of decreasing concentration (95% 2 hours and 70% overnight) at RT under stirring conditions. Samples were then newly dehydrated and processed for paraffin-wax embedding.
| Histological analysis
Biopsies were embedded in paraffin, and cross sections of 5 μm thickness were prepared using a Microtome (Leica, Wetzlar, Germany).
Haematoxylin and eosin (H&E) staining was performed to assess skin structure. Transmitted-light images of the staining were taken with an optical microscope (Leica DMi1) and a Leica MC170HD camera connected to a computer with Leica Application Suite (LAS ® ) for image capture.
| Samples imaging
| Optical clearing assessment
Human skin biopsies were immersed in PBS, BABB or DBE, according to their optical clearing condition, in a petri dish placed above a grid pattern. The biopsy was positioned with the epidermis on top.
Images were taken for each condition under cold light illumination using a macroscope (Macrofluo, Leica Microsystems Gmbh) with Leica MetaVue Software.
| Light-sheet fluorescence microscopy
Light-sheet fluorescence microscopy with a fixed magnification (as de- 
| Image processing and analysis
Images were processed with the open-source image-processing Fiji package 1.6.0. Fiji plugins (VSNR developing by P. Weiss) were developed to remove optical aberration caused by the light-sheet. 17 Human skin 3D volume rendering and orthoslice were performed with the Amira ® (FEI Visualization Sciences Group, Hillsborough, OR, USA).
| RESULTS AND DISCUSSION
| Optical clearing of human skin biopsies
Many different clearing techniques have been developed, mostly on mouse embryos or brain. [18] [19] [20] [21] [22] They all have different advantages and disadvantages. For instance, clearing with BABB enables complete tissue transparency and, therefore, in-depth imaging of large samples but may cause tissue shrinkage. 11 In this study, we used both BABB and DBE optical clearing methods to clear formalinfixed human skin biopsies. These two clearing agents are known to be particularly efficient at clearing thick tissues and to substantially increase the imaging depth. 23 BABB optical clearing was performed after complete dehydration of human skin biopsies with ethanol whereas optical clearing with DBE was performed after dehydration with either ethanol or THF. Human skin biopsies were then left for 2 days in clearing solvents. Macroscopic images of skin biopsies ( Figure 1A ) were taken above a grid pattern to assess the skin biopsies transparency. Although all tested conditions reduced human skin opacity, only the ethanol-BABB condition gave a complete clearing of human skin biopsies, as shown in Figure 1B .
Interestingly, transparency occurred faster in THF-DBE ( Figure 1C) and ethanol-DBE ( Figure 1D ) than with BABB, but remained incomplete (data not shown). In addition to these clearing conditions, we also tested ScaleA2, a urea-based method 24 that was reported to be compatible with aqueous solutions, thereby offering the advantage of a better preservation of fluorescence signals and therefore enabling the use of fluorescently-labelled antibodies directed against specific biomarkers. 25 However, this technique failed to clear the samples, even after prolonged immersion of several months (data not shown).
F I G U R E 1
Comparison of different clearing techniques on human skin biopsies clearing. 8 mm formalin-fixed human skin biopsies were observed in (A) PBS, or in (B-D) clearing solution. In (B), the sample was dehydrated using ethanol and cleared with benzyl alcohol and benzyl benzoate. In (C), the sample was dehydrated using tetrahydrofuran and clearing with di-benzyl ether (DBE). In (D), the sample was dehydrated using ethanol and cleared with DBE. Images were taken under cold light illumination above a grid pattern, 48 hours after immersion in the clearing solution using a macroscope (Leica). Scale bars: 2 mm
| Observation of autofluorescent skin structures by LSFM
Human skin contains natural fluorophores that can be used as a potential source of fluorescent contrast for imaging without requiring the use of exogenous contrast agents. These fluorescent molecules include NAD(P)H, melanin, flavins, keratin, porphyrins, collagen and elastin. 26, 27 They emit different wavelengths and confer the autofluorescence properties of skin. Human skin biopsies, optically cleared with BABB, were imaged at 4.2× ( Figure 2A ) and 6× ( Figure 2C ) magnifications. We first evaluated the relevance of human skin autofluorescence imaging with light-sheet microscopy to visualize its structure and different compartments. An excitation with a 561 nm excitation laser and an emission filter at 568 longpass (568LP) nm was tested.
In parallel, conventional histology with H&E staining was performed In order to detect autofluorescence in the epidermis, cleared human skin biopsies were imaged at four excitation wavelengths in the same plane ( Figure 3 ). Both the stratum corneum and dermis were visualised when excited with a 405 nm excitation and detection with a 447/60 nm emission filter; however, this was with a low and rapidly decreasing resolution in depth ( Figure 3A ). This phenomenon is caused by strong skin F I G U R E 2 Imaging of benzyl alcohol and benzyl benzoate-cleared human skin by light-sheet fluorescence microscopy (LSFM). Human skin structure was observed (A and C) on an optical cross section (Slice at 270 μm depth) by LSFM (excitation 561 nm, 568 LB emission filter) and (B and D) using H&E staining, to compare LSFM imaging with classical techniques. Images A and B were taken using 4.2× magnification; images C and D were taken using 6× magnification. Arrowhead: stratum corneum; *epidermis; **papillary dermis; ***reticular dermis. All samples were independent. Scale bars: 200 μm [Colour figure can be viewed at
(A) (B) (C) (D)
absorption at the short 405 nm wavelengths and a reduced light diffusion in skin. Thus, imaging deeper components of the skin is wavelength-dependent.
Both 488 and 561 nm excitations and 525/50 nm and 568LP nm emission filters, respectively, enabled an increased imaging depth ( Figure 3B and C). Interestingly, stratum corneum autofluorescence was stronger at 561 nm, whereas dermis extracellular matrix produced stronger autofluorescence when excited at 488 nm, which is consistent with elastin and collagen fibres emission peaks. 26 The epidermis displayed no autofluorescence with any of the excitation wavelengths tested, which is surprising given the presence of natural fluorophores in this layer that could emit in those spectra:
flavins are reported to emit at ~530 nm, whereas melanin has a broad spectrum of autofluorescence from ultraviolet to near infrared. 27, 31 At a 642 nm excitation with a 647LP nm emission filter, only the stratum corneum produced strong autofluorescence owing to the high concentration of keratin ( Figure 3D ).
In conclusion, different autofluorescent emissions can be used to observe different skin compartments or layers. Given these results, acquisition depth and autofluorescence contrasts between different skin components were optimal with wavelengths of 488 or 561 nm to analyse the dermis and global skin structure. With a 642 nm excitation and a 647LP nm emission filter, the high autofluorescence of stratum corneum can be used to analyse the micro-relief of skin.
| Imaging of a whole human skin biopsy in 3D
In order to characterize whole human skin biopsies using LSFM, zstacks of BABB-cleared biopsies were acquired at a 488 nm excitation. A z-stack of 585 optical sections was acquired, covering a depth of 1.7 mm over an 8 mm diameter skin biopsy. 3D visualization was performed with Amira ® software to combine volume rendering and orthogonal views at different depths of the acquisition ( Figure 4A ).
Interestingly, the volume rendering option led us to nicely observe the relief of the skin surface ( Figure 4B) . Furthermore, the organization and the density of the extracellular matrix fibres are clearly visible with this representation (Figure 4C and D) . As shown in Figure 4D and 4E, we easily identified a hair follicle that was localised ~1 mm inside the skin biopsy. This penetration ability provides an advantage of LSFM compared with other techniques commonly used to study the skin, such as confocal or multiphoton microscopy. 7, 32 Classical histology enables the observation of all skin components in a given cross-section. Sample preparation for the analysis of whole skin biopsies is time consuming because the whole skin sample has to be sliced, and each section must be analysed individually after staining with an optical microscope. Even with HREM, despite a convincing 3D reconstruction, the time of acquisition is very long (6 hours per sample for HREM data generation). Furthermore, the same structures are visible by comparing LSFM-based fluorescence images to histological sections, and a single acquisition enables the exploration of the whole biopsy. The major advantage is that after acquisition we can observe the skin morphology and all skin components in their environment in 3D (Movie S1).
| Imaging of human skin appendages in 3D
The capability of visualizing autofluorescence of human skin appendages and perform volume rendering with LFSM was also characterized. 3D
images obtained using LFSM was compared with the structure observed on skin cross sections stained with H&E ( Figure 5 ). Optical sectioning with LSFM was performed with fixed magnification lens of 5× or 10×.
Human skin biopsies were either optically cleared using ethanol-BABB as previously described and placed in a BABB-filled quartz chamber to allow for LSFM imaging ( Figure 5B , E, H and K) or H&E staining was performed on 5 μm-thick formalin-fixed human skin cross sections (Figure 5A , D, G and J).
First, sweat glands ( Figure 5B ) are characterized by strong autofluorescent dots organised in interlaced ducts, with a non-fluorescent cavity in their centre (arrowheads), which forms a complex net surrounded by a non-fluorescent region. This glomerulus is reminiscent of the sweat-gland structure observed on H&E sections ( Figure 5A ), indicating that sweat glands are identifiable using their autofluorescence upon excitation with lasers (Movie S2).
On another optical sectioning acquisition ( Figure 5E ), we observed a sebaceous gland with a thin autofluorescent net circling non-autofluorescent alveoli, forming an acinar structure, corresponding to the membrane and cytoplasm of sebum-containing secretory cells respectively as seen on H&E-stained skin samples ( Figure 5D ).
We also compared LSFM imaging of hair follicle bulbs ( Figure 5H) with the H&E-stained structure ( Figure 5G ). A dermal papilla located at the centre of the bulb does not emit any fluorescence. The hair shaft surrounding the upper part of the dermal papilla displays strong autofluorescence signal, whereas the inner root sheath is characterised by weak autofluorescence.
The structure of blood vessels of the cutaneous plexus is also observable using autofluorescence using LSFM ( Figure 5J ), and it could be compared with the H&E-stained structure ( Figure 5K ). structure ( Figure 5C , F, I and L). 3D volume reconstruction of sebaceous gland ( Figure 5F ) allows the calculation of the volume and size of this appendage, which is an advantage of this technique. The 3D volume reconstruction of blood vessels allows the exploration of vessel lumen and observation of the diameter and the relief of this structure.
We were therefore able to identify human skin sweat glands, sebaceous glands and hair follicles found in the dermal compartment of human skin, as well as blood vessels using their endogenous fluorescence. In-depth imaging of these appendages enabled 3D visualization of their whole structure. This provides a great advantage of this approach to other existing techniques: so far, no other imaging technique has been described to enable the rapid imaging of skin appendages in 3D. By contrast, histological approaches are commonly used, but with a medium resolution, and only provide 2D views of a slice of the appendage. With LSFM, it is possible to observe the human skin appendages in a complete 3D way.
| Imaging and quantification of epidermal hyperplasia
Finally, the use of optical clearing coupled with LSFM to visualize and analyse skin morphological changes found in a psoriasiform skin lesion from a female patient was also investigated. After LSFM imaging, the cleared skin biopsy was progressively rehydrated to wash out BABB and then subject to histological processing to obtain paraffin block. As a control, a normal human skin presenting no sign of pathology was also observed. H&E staining, performed on 5 μm-thick skin cross sections, revealed characteristics that are specific to the pathological skin ( Figure 6B ) compared with normal skin ( Figure 6A ).
Psoriasiform epidermis has a thickened structure with focal parakera- is almost twice as large as that of healthy skin (0.053 mm 3 ): the control skin had a thickness of 117.9 μm, and the pathological skin had a thickness of 203.7 μm. These measurements show the epidermal modifications associated with this psoriasis on a large, complete surface, rather than individual thin sections as with classical histology.
Overall, imaging of a pathological skin autofluorescence using LSFM enabled the identification of morphological features associated with the pathology in 3D and in a whole biopsy. Moreover, this technique enabled processing of the whole sample in one single acquisition without requiring any additional sampling or staining, and allowed F I G U R E 6 Imaging and analysis of epidermal hyperplasia found in psoriasiform skin lesion. H&E staining was performed on a paraffin-embedded skin cross section of (A) normal skin and (B) pathological skin. The same samples were also imaged using light-sheet fluorescence microscopy (laser excitation 488 nm, emission filter 525/50 nm; 2× magnification). The volume rendering of the normal skin control (C*) and pathological skin (D*) was performed using Amira for the three-dimensional reconstruction of pathology-associated defects such as epidermal thickness, enabling their complete visualisation and localisation within the skin. Furthermore, this analysis technique was shown to be compatible with further conventional histological characterisation, as standard histological slicing and staining procedures could be applied on the previously cleared sample. 33 
| CONCLUSION
This study showed the advantages of exploring human skin using 3D
imaging by LSFM of optically cleared biopsies. This approach allowed for the 3D in-depth visualization of different skin compartments and appendages, both at the macroscopic and cellular levels, with high resolution, on the basis of the natural autofluorescence of these structures, enabling their volume visualization and reconstruction. Overall, this work brings new perspectives in dermatological research to study normal skin morphology and analyse morphological changes associated with skin pathologies, including epidermal hyperplasia found in psoriasiform skin lesions.
